Abstract: Isopentenyl diphosphate isomerase (IDI, EC 5.3.3.2) catalyzes the revisable conversion of 5-carbon isopentenyl diphosphate and its isomer dimethylallyl diphosphate, which are the essential precursors for isoprenoids, including carotenoids. Here we report on the cloning and characterization of a novel cDNA encoding IDI from sweet potato. The full-length cDNA is 1155 bp with an ORF of 892 bp encoding a polypeptide of 296 amino acids, which was designated as IbIDI (GenBank Acc. No: DQ150100). The computational molecular weight is 33.8 kDa and the theoretical isoelectric point is 5.76. The deduced amino acid sequence of IbIDI is similar to the known plant IDIs. The tissue expression analysis revealed that IbIDI expressed at higher level in sweet-potato's mature leaves and tender leaves than that in tubers, meanwhile, no expression signal could be detected in veins. Recombinant IbIDI was heterologously expressed in engineered Escherichia coli which led to the reconstruction of the carotenoid pathway. In the engineered E. coli, IbIDI could take the role of Arabidopsis IDI gene to produce the orange β-carotene. In summary, cloning and characterization of the novel IDI gene from sweet potato will facilitate our understanding of the molecular genetical mechanism of carotenoid biosynthesis and promote the metabolic engineering studies of carotenoid in sweet potato.
Introduction
Sweet potato (Ipomoea batatas (L.) Lam.) is a staple diet in many tropical and subtropical zones of the developing world. It is the fifth food crops after rice, wheat, maize and white potato, of the world (Jansson & Raman 1991) . Sweet potato provides not only carbohydrate, but also some other important nutrients for human. Among them, carotenoids including β-carotene are the most important nutrients in sweet potato that is the precursor for vitamin A (Lintig et al. 2001) . In fact, sweet potato is the main source that provides β-carotene for the people in Africa and Southeast Asia. Unfortunately, the content of β-carotene in sweet potato is rather lower than is the normal demand of human physiology, which resulted in lots of vitamin-A-deficiency-related diseases such as xerophthalmia, corneal lesions, keratomalace and, in many instances, death (Hagenimana et al. 1997) . Therefore, it is desirable to develop new sweet potato cultivars rich in β-carotene.
Metabolic engineering of carotenoids in sweet potato may be an alternative solution for the problem. As the indispensable prerequisite, it is necessary to reveal the carotenoid biosynthetic pathway in sweet potato. The β-carotene belongs to the family of isoprenoids, which is synthesized from the general essential 5-carbon precursor isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate. Isopentenyl diphosphate isomerase (IDI) is involved in the carotenoid precursor pathway, which catalyzes the reversible conversion of IPP and dimethylallyl diphosphate (Liao et al. 2006) .
In the present study, a new IDI gene from carotenoid-rich sweet potato cultivars was cloned, expressed and functionally characterized.
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Material and methods

Plant materials
The plant materials were collected from a carotenoid-rich sweet potato cultivar, YUSU303, which was developed by our laboratory and widely planted in Southwest China. The tubers, veins, mature leaves and tender leaves of sweet potato were dipped into liquid nitrogen after collection and then stored at −70
RNA extraction and synthesis of the first-strand cDNA Total RNAs were isolated from the tubers of sweet potato with RNAplant TM reagent according to the manufacturer's instructions (TianGen, Beijing, China). Single-stranded cDNAs were synthesized from 5 µg of total RNAs with an oligo(dT)17 primer, which were reversely transcribed according to the manufacturer's protocol (PowerScript T M , CLONTECH, USA). After RNaseH treatment, the singlestranded cDNA mixture was used as templates for PCR.
Isolation of the core fragment of IbIDI Two degenerate primers:
designated according to the previously reported plant IDI genes were used for gradient PCR-amplification of the core cDNA fragment of IbIDI (IDI from Ipomoea batatas). The gradient PCR was carried out by denaturing the cDNA at 94 • C for 6 min. The core fragment was amplified and sub-cloned into pGEM T-easy vector (Promega, USA) followed by sequencing. The core fragment was subsequently used to design the gene-specific primers for cloning the fulllength cDNA of IbIDI by rapid amplification of cDNA ends (RACE).
Cloning of the full-length cDNA of IbIDI SMART TM RACE cDNA Amplification Kit (CLONTECH, USA) was used to isolate IbIDI cDNA 3'-end and 5'-end. Firstly, the first-stranded 3'-RACE-ready and 5'-RACEready cDNA samples from sweet potato were prepared according to the manufacturer's protocol (SMART T M RACE cDNA Amplification Kit, User Manual, CLONTECH, USA). The 3'-RACE-ready cDNA and 5'-RACE-ready cDNA were used as templates for 3'-RACE and 5'-RACE respectively. IbIDI cDNA's 3'-end was amplified using 3'-gene-specific primers and the universal primers provided by the kit. For the first PCR amplification of 3'-RACE, IbIPI3-1 (5'-GAGCATGAACTTGATTATCTTCTC-3') and UPM (Universal Primer Mix, CLONTECH) were used as the first PCR primers (3'-RACE), and 3'-RACE-ready cDNA was used as template. For the nested PCR amplification of 3'-RACE, IbIPI3-2 (5'-CATTGTGAGGGATGTTGGCATG-3') and NUP (Nested Universal Primer, CLONTECH) were used as the nested PCR primers (3'-RACE), and the products of the first PCR amplification were used as templates. IbIDI cDNA's 5'-end was amplified using 5'-gene-specific primers and the universal primers provided by the kit. For the first PCR amplification of 5'-RACE, IbIPI5-1 (5'-GCTGAAGAAGCAACTCATAGTTTG-3') and UPM were used as the first PCR primers (5'-RACE), and 5'-RACEready cDNA was used as templates. For the nested PCR amplification of 5'-RACE, IbIPI5-2 (5'-CTGAAAGCTCTGT-GAAGCAGATTC-3') and NUP were used as the nested PCR primers (5'-RACE) and the products of the first PCR amplification were used as templates. For the first and nested PCR amplification of IbIDI cDNA 3' and 5'-end, Advantage TM 2 PCR Kit (CLONTECH, USA) was used. The first and nested PCR procedures were carried out at the same conditions described in the protocol: 25 cycles (30 s at 94
• C, 30 s at 68
• C, 3 min at 72
• C). By 3'-RACE and 5'-RACE, both ends of IbIDI were respectively obtained. The products were sub-cloned into pGEM T-easy vectors followed by sequencing. By assembling the sequences of 3' RACE, 5' RACE and the core fragment on Contig Express (Vector NTI Suite 6.0), the full-length cDNA sequence of IbIDI was obtained. The ORF of IbIDI was predicted by ORF Finder on NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The full-length cDNA of IbIDI was isolated by PCR amplification with a pair of primers: fibIPI (5'-AAGCAAGACGCCA-AGGGC-3') and ribIPI (5'-GATAGCAAGTTCACATATA-TTACTAG-3'). The PCR procedure was conducted under the following conditions: 3 min at 94 • C. The amplified product was purified, cloned into pGEM T-easy vectors and then sequenced. In total, three independent positive clones were selected and sent for sequencing to confirm the sequence and avoid PCR errors.
Bioinformatic analysis
Bioinformatic analysis of IbIDI was carried out online at the websites: http://www.ncbi.nlm.nih.gov/ and http://cn. expasy.org/. The plastidial transit peptide prediction was performed by TargetP (Emanuelsson et al. 2000) . CLUX-TALX (Thompson et al. 1997 ) was used for the multiple alignment analysis of the full-length IDI protein sequences. The phylogenetic tree of IDIs was constructed by the neighbor-joining method (Kumar et al. 2004 ).
Tissue expression profile of IbIDI
Semi-quantitative one-step RT-PCR was carried out to investigate the expression profile of IbIDI in different tissues including tubers, mature leaves, tender leaves and veins of sweet potato. Aliquots of 0.5 µg total RNA extracted from tubers, mature leaves, tender leaves and veins of sweet potato were used as templates in the one-step RT-PCR reaction with the forward primer fibIPI and ribIPI specific to the full-length cDNA of IbIDI using the onestep RNA PCR kit (Takara, Dalian, China). Amplifications were performed under the following conditions: 50 • C for 2 min). Meanwhile, the RT-PCR reaction for the housekeeping gene (18S rRNA gene) using the specific primers 18SF (5'-GTGACAATGGAACTGGAATGG-3') and 18SR (5'-AGACGGAGGATAGCGTGAGG-3') designed according to the conserved regions of plant 18S RNA genes was performed as internal control (20 PCR cycles). Finally, 5 µL and 15µL PCR products of 18S rRNA and IbIDI were respectively seperated on 1% agrose gels stained with ethidium bromide.
Color complementation of IbIDI in E. coli The color complementation assay was successfully used to identify the function of IDIs by using two plasmids including pAC-BETA and pAtipiTrc (Sun et al. 1998 ). The β-carotene biosynthetic plasmid pAC-BETA was introduced into E. coli XL1-Blue to reconstruct the biosynthetic pathway of β-carotene. The transformants harboring pAC-BETA were selected with chloromycetin (50 Fig. 1 . The full-length cDNA sequence and the deduced amino acid sequence of IbIDI. The coding sequence is typed in capital letters, the stop codon is marked with an asterisk, the 5'-and 3'-untranslated regions are shown in normal letters, the plastidial transit peptide is underlined.
µg/mL). pAtipiTrc harboring the Arabidopsis IDI gene was digested with Pst I to get rid of Arabidopsis IDI gene and then recycled with T4 ligase; the modified plasmid was designated as pTrc that had the resistance of ampicillin (150 µg/mL). The coding sequence of IbIDI was amplified with a pair of primers, fexipi (5'-CGGATCCATGTCGATGATGGCTTCTG-3') and rexipi (5'-CTCTAGATTAGGCCAACTTGTGAATG-3') and then introduced into pTrc through Bam HI and Xba I restriction enzymes to substitute Arabidopsis IDI gene, namely pTrcIbIDI. pTrc and pTrcIbIDI were respectively introduced into E. coli XL1-Blue harboring pAC-BETA and the transformants were selected by ampicillin (150 µg/mL) and chloromycetin (50 µg/mL); pTrcIbIDI was introduced into XL1-Blue and the transformants were selected by chloromycetin (50 µg/mL). Finally, the five types of XL1-Blue were streaked onto the YEB medium with chloromycetin (50 µg/mL), ampicillin (150 µg/mL) and IPTG (50 µM) to observe the growth and β-carotene production of the bacteria.
Results and discussion
Molecular cloning of the full-length cDNA of IbIDI Using the first-strand cDNA of sweet potato and the degenerate sense primer dfipi and anti-sense primer dripi, a 597-bp product was specifically amplified by homology-based RT-PCR. The product of the amplification was ligated into pGEM T-easy vector for sequencing. The BLAST-n search of the sequence showed the similarity to IDI genes from other plant species, such as Nicotiana tabacum (84% identity) and Camptotheca acuminata (82% identity). This enabled appropriate gene-specific primers to be designed for the generation of full-length cDNA fragments using the 5'-and 3'-RACE method and reconstruction of a full-length cDNA. Through 5'-and 3'-RACE, the 423-bp 5'-end and the 435-bp 3'-end of IbIDI were respectively amplified. Then the core fragment, the 5'-end and 3'-end were assembled to generate the deduced full-length cDNA sequence of IbIDI. Finally, the physical fulllength cDNA of IbIDI was amplified and confirmed by sequencing, which was 1155 bp in length (Fig. 1) . The cDNA sequence contained an ORF of 892 bp encoding a polypeptide of 296 amino acids, flanked by a 67-bp 5'-untranslated region and a 197-bp 3'-untranlated region with a poly(A) tail of 30 bp (Fig. 1) . The predicted translation product of the cDNA had a predicted molecular mass of 33.8 kDa and a theoretical pI of 5.7. The sequence was designated as IbIDI and deposited with the GenBank (Benson et al., 2007) under the accession number DQ150100.
Bioinformatic analysis of IbIDI
IbIDI was compared with other IDI proteins in the database through BLASTp (Altschul et al. 1990 ) and the result showed that IbIDI exhibits high degree of sequence similarity with IDIs from other plant species, such as Nicotiana tabacum (86% identities, 92% positives; Nakamura et al. 2001) , Camptotheca acuminata (85% identities, 93% positives) and Adonis palaestina (87% identities, 94% positives; . The similarity analysis of IbIDI showed that it belongs to the IDI protein family. Actually, there are two types of IDI in plants: one type locating in cytosol and the other in plastid . By analyzing the post-translational modification of IbIDI by TargetP, it was found that IbIDI has a 57-aminoacid transit peptide at the N-terminus that directed IbIDI to plastid and not necessary for the catalytic activity; and the catalytic region of IbIDI was followed by the transit peptide (Fig. 1) . This discovery was consistent with the fact that carotenoids were synthesized in plastid .
Further, the multiple alignments of IbIDI and other plant IDIs showed that there was no similarity in the N-terminals, but high similarity is seen in the catalytic regions of plant IDIs (Fig. 2) ; the two active site residues (cys-1 55 Arabidopsis_thaliana
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( teine and glutamic acid) were found in all aligned plant IDIs (Durbecq et al. 2001) . The phylogenetic analysis showed that IDIs could be divided into animal, plant, algae, fungal and bacterial group (Fig. 3) . Certainly, IbIDI was grouped into the plant IDI family. Quite unexpectedly, the two green algal IDIs were found to be less like the plant sequences than those of mammalian IDI; and the relatively low amino acid sequence identity for plant and green algal IDI argues against a common origin that plants and algae acquired IDI gene from endosymbiotic plastid progenitor, such as the cyanobacterium Synechocystis PCC 6803 . reveal the expression profile of IbIDI in different tissues including tubers, veins, mature leaves and tender leaves. The results showed that IbIDI expressed in tubers, mature leaves and tender leaves. The expression levels of IbIDI were higher in leaves than that in tubers (Fig. 4) , and that the expression signal of IbIDI was detected in veins (Fig. 4) .
Color complementation of IbIDI E. coli could not produce carotenoids itself, but could provide the essential precursor for carotenoids. Cunningham et al. (1996) reconstructed the β-carotene biosynthetic pathway in E. coli by introducing the β-carotene biosynthetic plasmid, namely pAC-BETA, in which the four β-carotene biosynthetic genes, including geranylgeranyl pyrophosphate synthase (crtE), phytoene synthase (crtB), phytoene desaturase (crtL) and lycopene cyclase (crtY), were harbored. However, engineered E. coli harboring the four genes described above could only produce β-carotene in trace amount, while engineered E. coli could produce carotenoids at a much higher level when introducing the plastid pAtipiTRC harboring the gene involved in the IPP biosynthetic pathway such as Arabidopsis thaliana (AtIDI) IDI gene . Therefore, the system could be employed to identify the function of IDI genes from other organisms by substituting AtIDI for other IDI genes. In the present study, IbIDI substituted AtIDI. In the selective medium, E. coli harboring both of the plasmids, pAC-BETA and pTrc (or pTrcIbIDI) could grow, while those without plasmids or harboring either of the plasmids could not. On the selective medium plate, the bacterial clones of E. coli harboring pAC-BETA and pTrc were the raw color, while E. coli harboring pAC-BETA and pTrcIbIDI were orange that was given by β-carotene (Fig. 4) . The result was consistent with previous studies (Sun et al. , 1998 . The result indicated that IbIDI could take the role of AtIDI in the engineered E. coli to promote the biosynthesis of β-carotene and that IbIDI did encode functional IDI in the engineered E. coli. These observations raise the possibility that IPP isomerase activity might be the The medium is YEB medium with chloromycetin (50 µg/mL), ampicillin (150 µg/mL) and IPTG (50µM).
limiting step in the biosynthesis pathway of carotenoids and other isoprenoids in plants .
In summary, a new plastidial isopentenyl diphosphate isomerase gene (IbIDI) was cloned from sweet potato. IbIDI resembles other IDIs of plant origin and has the Cys149-Glu212 active site residues. The IbIDI encodes an enzyme of IDI that could put forward the metabolic flux to the biosynthesis of β-carotene in engineering E. coli. The cloning and characterization of IbIDI will be helpful to understand the biosynthesis and metabolic engineering of carotenoids in sweet potato.
